Abstract There is growing concern about elevated blood pressure (BP) in children. The evidence for familial aggregation of childhood BP is substantial. Twin studies have shown that a large part of the familial aggregation of childhood BP is due to genes. The first part of this review provides the latest progress in gene finding for childhood BP, focusing on the combined effects of multiple loci identified from the genomewide association studies on adult BP. We further review the evidence on the contribution of the genetic components of other family risk factors to the familial aggregation of childhood BP including obesity, birth weight, sleep quality, sodium intake, parental smoking, and socioeconomic status. At the end, we emphasize the promise of using genomic-relatednessmatrix restricted maximum likelihood (GREML) analysis, a method that uses genome-wide data from unrelated individuals, in answering a number of unsolved questions in the familial aggregation of childhood BP.
Introduction
Evidence from epidemiologic studies on blood pressure (BP) in children and adolescents, which have been conducted over the past decade, demonstrates a significant increase in BP level and an increase in the prevalence of hypertension [1] . There is considerable tracking of BP levels from childhood to adulthood, making BP at a young age an important predictor of adult levels [2] . Identification of risk factors contributing to BP elevation and hypertension at childhood will provide opportunities for early prevention of this debilitating disease and its related cardiovascular diseases in adulthood. (Table 1 lists a glossary of genetic terms used in this manuscript.)
Similar to the studies on adult BP, the strong familial tendency to high (or low) BP has also been found in children. For example, significant sib-sib and mother-child correlations for BP were found in children between 2-14 years of age [3] . Moreover, significant sibling BP correlations with 1-monthold infants [4] and significant parent-offspring BP correlations between mothers and their newborn infants were also observed [5] , indicating that familial aggregation of BP is established early in life.
It stands to reason that the potential causes of familial aggregation are genetic factors and/or shared (familial) environmental factors, but it is actually more complex to partition the familial aggregation of BP into these two components because of the intimate connections between them. For example, obesity, the most important risk factor for hypertension and the primary driving force for the elevated BP in children [6, 7] , displays strong familial tendency itself. The familial aggregation of BP may therefore to a certain extent be due to the familial aggregation of obesity. Even the other apparently "environmental risk factors" for BP elevation such as sodium intake [8] [9] [10] and parental socioeconomic status [11•] have a genetic component. This might also be part of the reasons why the majority of the twin studies found strong evidence for genetic influence but no evidence for influence of shared family environment on childhood BP [12] . To avoid confusion, in this review, we will use "other family risk factors" rather than "family environmental factors" to represent these factors.
In this review, we first give an overview of the latest progress in gene finding for childhood BP, focusing specifically on the combined effects of multiple genetic loci identified from the genome-wide association studies on adult BP. Second, we critically review the evidence on the potential contribution of other family risk factors to familial aggregation of BP. Finally, we highlight the potential use of genomicrelatedness-matrix restricted maximum likelihood (GREML) analysis implemented in the genome-wide complex trait analysis (GCTA) software to better understand the genetic architecture of childhood BP. GREML is a recently developed approach to estimate the proportion of phenotypic variance explained by genome-or chromosome-wide common SNPs for complex traits [13] .
The Genetic Basis of Childhood BP
Over the last 30 years, a large number of twin studies have been conducted on BP variation in both children and adults. As shown in Fig. 1 , the evidence for a sizable contribution of genetic factors to BP is overwhelming, with most heritability estimates around 50-60 % in both children and adults [12] . However, the gene-finding effort for BP and hypertension turned out to be very challenging, even in the era of genome-wide association studies (GWASs) [14] . It was not until a large number of studies joined forces into the Global BPgen and CHARGE consortia that 13 novel BP loci were identified for BP variation in adulthood [15, 16] . More recently, Global BPgen and CHARGE merged to form the ICBP consortium (International Consortium for BP GWAS), which used a multistage design in 200,000 adults of European ancestry, identified another 16 novel loci, and demonstrated that the 29 loci in total explain ∼0.9 % of the variance in both systolic BP (SBP) and diastolic BP (DBP) and a genetic risk score (GRS) based on the 29 loci is significantly associated with hypertension [17] . Detailed results of recent GWASs on adult BP and hypertension can be found in the reviews by Lind et al. [18••] and our group [19] .
Several studies have explored whether these genetic variants known to be associated with adult BP are also associated with BP in children and adolescence. Using data from the Cardiovascular Risk in Young Finns cohort in which BP was measured at baseline in 1980 (age 3-18 years) and in followups in 1983, 1986, 2001 , and 2007, Oikonen et al. [20••] showed that the GRS of the 13 SNPs identified by the Global BPgen and CHARGE consortia were significantly associated with BP levels both in the longitudinal analyses spanning from childhood to adult age and in the cross-sectional analyses at different age groups. The GRS can explain 0.1 to 0.2 % of The proportion of observed differences in a trait among individuals of a population that is due to genetic differences or genetic factors. The most commonly used formula is the one for narrow-sense heritability, which means the additive genetic portion of the phenotype variance and is calculated as the variance of additive effect divided by the total phenotypic variance in a population GWAS Genome-wide association study: a study design in which hundreds of thousands of genetic variants in the genome (usually SNPs) are tested for association with the trait SNP Single-nucleotide polymorphism, which is a DNA variation occurring within a population in which a single nucleotide (A, T, C, G) differs between members of a biological species Genetic risk score Multi-locus profiles of genetic risk, which can be used to translate discoveries from genome-wide association studies into tools for population health research Minor allele frequency
The frequency at which the least common allele occurs in a given population Intrapair analysis
The analysis of intrapair differences on measures within monozygotic or dizygotic twin pairs h
SNP
The proportion of the phenotypic variance explained by the common SNPs in human genome
Missing heritability
Defined as the fact that individual genes cannot account for much of the heritability of disease, behaviors, and other phenotypes Genetic covariance
The genetic part of the covariance, which can be used to calculate genetic correlation by standardizing the genetic variance-covariance matrix Genetic correlation
The proportion of variance that two traits share due to genetic cause, which indicates how much of the genetic influence on two traits is common to both Pleiotropy Referring to one gene influencing multiple, seemingly unrelated phenotypes, which means that a mutation in a pleiotropic gene may have an effect on multiple traits simultaneously the variation in BP, and its significant association with BP can be detected as early as age 9 years for DBP and age 24 years for SBP. Using the same dataset, Juhola et al. [21••] show that the GRS based on all the 29 loci was an independent predictor for the development of adult hypertension at age 24-45 years. Pooling data from two longitudinal birth cohorts with BP measured seven times from age 7 to 17 in the Avon Longitudinal Study of Parents and Children and BP measured five times from age 6 to 17 in the Western Australian Pregnancy Cohort, Howe et al. [22••] examined the associations of the GRS based on the 29 loci with the trajectories of SBP from 6 to 17 years of age. The GRS was significantly associated with SBP at 6 years of age, but showed little or weak evidence in association with SBP changes with age. The GRS explained 0.06 % of the variation in SBP at the first visit (6/7 years) and 0.23 % at the 17-year visit. The highest quintile of the BP genetic risk score had, on average, a higher SBP than the lowest quintile by 1.23 mmHg at the first visit and by 1.37 mmHg at the 17-year visit. In addition to these studies in Caucasians, similar studies have also been conducted in Asians and African-Americans. For example, Xi et al. [23] genotyped six SNPs in 3077 Chinese children aged 6-18 years. These six SNPs were selected from the previous GWAS-identified loci for adult hypertension but have a minor allele frequency >0.30 in Chinese individuals in the HapMap database and a reported effect size of ∼1.5 for hypertension. The GRS calculated from these six SNPs was significantly associated with SBP and the risk of hypertension but not with DBP. Bhatnagar et al. [24] conducted a genome-wide association study on SBP in African-American children with sickle cell disease. With the limited sample size (n=1617), no SNP reached genome-wide significance, but the genetic risk score based on 27 previously reported SBP-associated SNPs was significantly associated with SBP. The conclusion seems warranted that the genetic variants identified for adult BP also influence childhood BP. However, these studies also show that the adult-based genetic risk scores explained less variance in childhood BP than in adult BP and that not all of the individual SNPs (which were also tested in these studies) displayed significant association with childhood BP. This is not surprising and actually consistent with the previous findings from family and twin studies on the agedependency of genetic effects on BP [12] . BP changing with age and findings of lower parent-offspring correlations compared to those for siblings and dizygotic twins suggest that different genetic and environmental mechanisms have their influence on BP in different periods of life [25] . This was supported by longitudinal studies of adolescent [26] and middle-aged twins [27] . For example, in the longitudinal twin study we conducted on BP for the transition period from childhood to adulthood, the genetic influences were in part the same across the transition time period (58-64 % of the genetic variation at early adulthood was already detected in childhood) and in part age specific (the remaining 36-42 % of the genetic variation at early adulthood was unrelated to that expressed in childhood) [26] . The changes in genetic effects on BP over time were further confirmed by a large-scale investigation on gene-age interactions in BP regulation with the CHARGE, Global BPgen, and ICBP consortia [28•] . In a two-staged design using 99,241 individuals of European ancestry, 20 genome-wide significant loci were identified by using joint tests of the SNP main effect and SNP-age Fig. 1 Heritability estimates of SBP and DBP estimated from twin studies of pediatric and adult populations ordered according to the average age of the samples [12] interaction. The genes exhibiting the largest age interactions displayed opposite directions of effect in the young versus the old. A secondary analysis in each age group revealed 22 loci with evidence of age-specific effects.
The age dependency of genetic effects on BP has important implications for gene-finding studies. On the one hand, we should be cautious by pooling data from subjects at different ages to conduct GWAS, especially by pooling data from adolescent and adult subjects. On the other hand, a large genome-wide association consortium specifically focusing on childhood BP is urgently needed. The identification of the genes conferring susceptibility to high BP at early age will provide new avenues for prevention of the development of hypertension in adulthood.
Influence of Other Family Risk Factors on Familial Aggregation of Childhood BP
For hypertension, which is a disease that has clear associations with lifestyle factors, it would seem that familial aggregation of BP may to a large extent reflect the effects of shared family environment, especially in children who usually live in the same family household. However, the majority of the twin studies in both children and adult found no evidence for influence of shared family environment on BP [12, 29] . One reason might be that many twin studies may lack the power to detect moderate size influences of common environment. A few studies that either had large sample size [30, 31] or used a more powerful multivariate approach [32] did find a small contribution of shared environment of around 10-20 %. Another explanation, as we described earlier, might be due to the intimate connections between the genetic and the shared family environment. That is, the so-called environmental risk factors for elevated BP, such as obesity and sodium intake, have a heritable component themselves. In this part, we summarize the evidence on the potential contribution of the genetic components of these family risk factors to the familial aggregation of BP, focusing on known risk factors for childhood BP.
Obesity In subjects of all ages, body mass index (BMI) is probably the most important correlate of BP. Large population studies showed that the recent increase in BP levels in childhood could largely be explained by the increase in BMI [6, 7] , providing strong evidence that increasing rates of overweight and obesity are the major driving forces for the increase in childhood BP levels. Previous twin and family studies have shown that the association between BP and BMI is partly attributed to a common set of genetic factors. For example, Schieken et al. [33] found that the genetic factors influencing BMI account for 8 % of the total variance of SBP in a pediatric population of 11-year-old twins. Similarly, our own study [34] on adult twins found that this figure was 6 % for SBP and 7 % for DBP. This is also supported by the recent GWASs showing that obesity susceptibility loci were associated with BP levels. In Howe et al.'s study [22••] in the two birth cohorts (described earlier), in addition to the GRS calculated from the 29 BP loci, they also examined the association of the GRS calculated from 32 BMI loci on the trajectories of SBP from age 6 to 17. The GRS of the 32 BMI loci was strongly associated with SBP both at age 6 and at age 17. Comparing with the BP genetic risk score, the BMI genetic risk score explains a greater proportion of the variation in SBP at age 6 (0.15 vs. 0.06 %) but a similar proportion of the variation at age 17 (0.16 vs. 0.23 %). The SBP of individuals in the top quintile of the BMI genetic risk score is, on average, 1.51 mmHg higher than the bottom quintile at age 6, with the magnitude of this difference reducing slightly (to 1.21 mmHg) between 7 and 17 years. The role of individual obesity susceptibility loci on BP has also been studied. Take the first GWAS-identified obesity gene, FTO, as an example. In a recent meta-analysis [35•] on 57,464 hypertensive cases and 41,256 controls, the FTO gene variant(s) showed significant association with the risk of hypertension which disappeared on adjustment for BMI, indicating that FTO genotype contributes to obesity-related hypertension. Similar studies have been conducted in children with the majority finding the FTO locus associated with BP levels [36] [37] [38] [39] [40] [41] .
Birth Weight Low birth weight (and catch-up growth after birth) and adverse intrauterine conditions (e.g., preeclampsia) have been well-established etiologies for high BP in childhood [42] [43] [44] [45] . Birth weight is a complex multifactorial trait itself with heritability around 20-30 % [46] [47] [48] [49] . The importance of genetic factors on birth weight acting independently of the intrauterine environment has also been illustrated by correlations between paternal height or weight and offspring birth weight [50, 51] . Genetic variants or shared environmental factors that are associated both with low birth weight and high BP may account for some of the observed correlation between these two phenotypes. This is supported by several twin studies. For example, Christensen et al.'s study [52] in 1311 pairs of adolescent twins found a decrease in SBP of 1.88 mmHg for every kilogram increase in birth weight in the overall sample, but a reduction of this effect was observed when intrapair analyses were used. This is confirmed by a recent meta-analysis [53] in 3901 twin pairs in which the decrease in SBP for every kilogram increase in birth weight was −2.0 mmHg in the unpaired analysis but only −0.4 mmHg in the paired analysis. Further support comes from the recent GWAS on birth weight in 69,308 individuals of European descent [54•] . Out of the seven loci identified for birth weight, one locus, the ADRB1 rs1801253 (Arg389Gly), is known to be associated with adult BP. The associations between birth weight and the 29 BP loci identified by the ICBP consortium were also tested. While no strong evidence of deviation from the null was observed, associations between the SBP-raising allele and lower birth weight achieved P <0.01 at GUCY1A3/GUCY1B3-rs13139571 and CYP17A1/NT5C2-rs11191548.
Sleep Behavior Several aspects of sleep behavior such as poor sleep quality and short sleep time as well as sleep apnea syndrome have been linked to hypertension in children and adolescents [55] [56] [57] . Twin studies have suggested that genetic influences partially underline the variation seen for many sleep-related traits across life span as reviewed in detail by Barclay et al. [58] . To what extent shared genetic and environmental factors may contribute to the association between sleep behavior and BP has not been reported. In our recent two studies on ambulatory blood pressure in youth [59] and young adult [60] , we observed that nighttime BP not only shared genes with daytime BP but a sizeable part was explained by its own specific genetic determinants. This indicates that the underlying mechanisms for BP regulation partly change with the day-night shift, either via switching on or off of relevant genes or via a change in the amplitude of their expression. Since day-night shift is related to sleep behavior and sleep apnea has been associated with changes in nighttime BP levels [61] [62] [63] , it is possible that genes responsible for sleep apnea also contribute to nighttime BP regulation. This needs to be confirmed by, e.g., multivariate modeling in twin and family studies.
Sodium Intake, Parental Smoking, and Parental Socioeconomic Status These are also recognized risk factors for hypertension and elevated BP in children. A recent study using twins (age≥30) and their first-degree family members observed a strong genetic component for both sodium intake (indexed by half-day urine sodium excretion) and salt habit (evaluated by questionnaire) with heritability ranging from 0.31 to 0.34 [8] . This is consistent with a previous twin study [9] on adult female twins which observed a heritability of 0.43 for 24 h urine sodium excretion and our own twin study [10] of youth and young adults on overnight urine sodium excretion, which observed a heritability of 0.55 in European Americans and a heritability of 0.29 in African-Americans. Consistent evidence has also implicated genetic factors in smoking behavior, and the recent GWASs have identified several loci for smoking amount, smoking initiation, or smoking cessation [64] . Although socioeconomic status (SES) is typically viewed as an environmental variable, recently, Marioni et al. [65] observed a heritability of 71 % for SES in the Scottish Family Health Study. Due to the fact that children's environment such as parental smoking and parental SES are the same for children growing up together in a family, the extent to which the genetic components of parental smoking and SES might also contribute to the familial aggregation of childhood BP has not been explored in twin and family studies. With recent methodological developments prompted by GWAS [66••] , it is now possible to use DNA itself to estimate genetic influence in any sample of unrelated individuals rather than relying on comparisons between monozygotic twins and dizygotic twins. Using this method, Trzaskowski et al. [11•] examined the genetic influence on family SES at ages 2 and 7 as well as on its association with children's IQ at ages 7 and 12 in 3000 unrelated children. They found that 19 and 20 % of the family SES variance can be explained by common SNPs at age 2 and age 7, respectively. Significant genetic correlation was also observed between family SES and children's IQ. Similar studies are warranted for childhood BP.
Genome-Wide Complex Trait Analysis
In addition to the main approach of GWAS which tests each SNP individually for an association with the trait using a very stringent P value, the GWAS SNP data can also be used to estimate the genetic relationship between unrelated individuals. The approach calculates to what extent phenotypic similarities between pairs of unrelated individuals can be attributed to their SNP similarity allowing an estimate of the extent to which phenotypic variance can be explained by genetic variance. The method is called genomic-relatedness-matrix restricted maximum likelihood (GREML) and is implemented in the genome-wide complex trait analysis (GCTA) software [13] . It was first introduced by Yang et al. in 2010 [66••] and has now been widely applied to many traits and diseases. Different from the heritability estimated from twin and family data which captures the entire genome, the heritability estimated from the genetic relationships of unrelated individuals only reflects the part explained by common SNPs (i.e., h 2 SNP =common SNP heritability). The GREML-GCTA approach can help to elucidate the genetic architecture of common complex traits. For example, despite the fact that GWAS has identified many loci for BP and hypertension in adults, these loci only explain ∼1 % of the variance of BP. There has not been any consensus on the explanation of the "missing heritability." Possible explanations include a large number of common variants with small effects, rare variants with large effects, and DNA structural variation. Recently, using the GCTA approach, Vattikuti et al. [67] observed that the h 2 SNP was 24 % for SBP, which is about 50 % of the heritability of SBP, indicating that a large part of the heritability for SBP is hiding rather than missing because of many SNPs with small effects.
A bivariate extension of GREML-GCTA can estimate the genetic covariance and hence genetic correlation between different traits and disorders to provide estimates of genomewide pleiotropy [68••] . These traits or disorders can be collected from the same or from different individuals. For example, Vattikuti [67] explored the genetic correlation between metabolic traits (measured in the same individuals) using bivariate GCTA and observed large genetic correlations between BMI and waist-hip ratio as well as between triglyceride and high-density lipoprotein. Using GWAS data for different diseases from the Wellcome Trust Case Control Consortium, Lee et al. [68••] observed that the estimated genetic correlation between hypertension and type 2 diabetes was 0.31, indicating shared genetic etiology between these two diseases.
For familial aggregation of childhood BP, the GCTA approach has the potential to shed light on many unsolved questions. For example, univariate GREML can estimate the extent to which the heritability of childhood BP is explained by common genetic variants. Bivariate GREML-GCTA tests can determine the contribution of the genetic components of other family risk factors to the familial aggregation of BP, even for the risk factors usually shared within the family such as parental smoking and parental SES. Bivariate GCTA test can also determine to what extent the same or different common genetic variants contribute to the stability and change in BP from childhood to adulthood. However, the prerequisite is the availability of GWAS data in children with BP measured. This further emphasizes the importance of large genome-wide association studies in cohorts of children to study childhood BP.
Conclusion
Familial aggregation of BP is established early in life. Twin and family studies have shown that the familial aggregation of BP is largely due to genes. The gene finding efforts showed that the genetic loci identified from GWAS on BP and hypertension in adults also influence childhood BP. However, the age dependency of genetic effects on BP requires large GWAS studies on childhood BP. We also highlight the evidence on the contribution of the genetic components of other family risk factors to the familial aggregation of childhood BP including obesity, birth weight, sleep quality, sodium intake, parental smoking, and parental SES. At the end, we emphasize the promise of using GREML-GCTA, a newly developed quantitative genetic method that uses GWAS data from unrelated individuals, in answering a number of unsolved questions in the familial aggregation of childhood BP.
